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ABSTRACT 11 
The mechanical properties of different adhesives at elevated temperatures can change differently due to 12 
the differences in adhesive molecular chain structure. Therefore, a profound understanding of the effect 13 
of these property changes on the bond behaviour of carbon fibre reinforced polymer (CFRP)-to-steel 14 
bonded joints is of great importance when designing bonded CFRP strengthening systems for steel 15 
structures. Existing studies on CFRP-to-steel bonded joints under monotonic loading have clearly shown 16 
that both adhesive mechanical properties and geometrical properties of the bonded joints (e.g. bond 17 
length) may significantly influence the bond strength. Existing studies on adhesive mechanical properties 18 
under elevated temperatures have shown that the variation of adhesive mechanical properties, especially 19 
fracture energy with temperature depends significantly on the adhesive type. No comprehensive study 20 
exists so far on understanding the effects of key mechanical and geometrical parameters of a CFRP-to-21 
steel bonded joints at elevated temperatures on bond strength. This paper presents a study aimed at 22 
understanding the effects of different parameters such as temperature dependent mechanical properties 23 
of adhesive and bond length on the behaviour of CFRP-to-steel bonded joints at elevated temperatures. 24 
Results of this study showed that (1) load-displacement behaviour of the bonded joints is sensitive to 25 
temperature variations, (2) for bonded joints with sufficiently long bond length, the ultimate load depends 26 
only on the fracture energy of the final temperature, and (3) the maximum load of the bonded joints 27 
depends on the ratio between the loading and heating rates.  28 
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 31 
1. Introduction 32 
Externally bonded (EB) fibre reinforced polymer (FRP) laminates have become increasingly popular 33 
within the structural engineering community as an effective way of flexural and shear strengthening of 34 
structures [1-4]. The load carrying capacity of such structures strengthened with EB FRP laminates often 35 
relies on the interfacial shear stress transfer mechanism of the bonded interface [5, 6]. Therefore, 36 
numerous studies have been carried out to investigate the bond behaviour of FRP-to-concrete [7-9] and 37 
FRP-to-steel [6, 9-11] bonded joints under mechanical loading. Different models have been proposed to 38 
model the constitutive behaviour of the FRP-to-steel and FRP-to-concrete bonded interfaces [6, 12] as 39 
well as the behaviour of structures strengthened EB FRP laminates [13-16]. However, the behaviour of 40 
FRP-to-concrete or FRP-to-steel structures under varying temperatures has received much less attention. 41 
FRP strengthened structures are likely to experience significant temperature variations during their life-42 
cycle, especially within the range of glass transition temperatures ( ) of typically used adhesives. As 43 
the mechanical properties of these adhesives vary significantly at temperatures close to their , 44 
temperature variations will clearly affect the bond performance of structures strengthened with EB FRP 45 
laminates. Therefore, a better understanding of the bond behaviour under varying temperature conditions 46 
is necessary.  47 
The load carrying capacity of steel structures with flexural strengthening with EB FRP laminates 48 
relies on the shear stress transfer mechanism of the adhesive layer and the dominant failure mode of a 49 
properly prepared [6] bonded joints is cohesion failure within the adhesive [10]. Therefore, changes of 50 
adhesive properties with temperature may significantly affect the performance of the bonded joints, thus 51 
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the strengthened structure. Different to FRP-to-steel bonded joints, the dominant failure mode of FRP-52 
to-concrete bonded joints under monotonic mode II loading is typically cohesive failure of concrete a 53 
few millimetres from the adhesive-concrete bi-material interface [7]. Nevertheless, with increases in 54 
temperature, the failure mode of such bonded joints may change from cohesive failure within the concrete 55 
to cohesive failure within the adhesive due to changes in adhesive mechanical properties with 56 
temperature [17, 18]. Therefore, for both FRP-to-concrete and FRP-to-steel bonded joints, variations of 57 
adhesive properties due to temperature changes may significantly affect the behaviour of the bonded 58 
joints.  59 
Some research has been done to study the temperature effect on the mechanical properties of different 60 
adhesives [19-26]. The effect of temperature on adhesive mechanical properties such as strength, elastic 61 
modulus, and fracture energy were studied. For single-lap joints made using American Cyanamid FM 62 
1000 epoxide-polyamide film adhesive, a significant drop in the strength of the adhesive was observed 63 
with increasing temperature [19]. However, the rate of bond strength reduction with temperature in the 64 
single-lap joints strength was less than the rate of adhesive strength decrease with temperature. Similar 65 
observation was also reported in [20] where Araldite 420 was used to bond the carbon FRP (CFRP) to 66 
steel. On the contrary, it was found that the bond strength of the CFRP-to-steel bonded joints using 67 
Sikadur 330 showed an increasing trend with the increasing temperature when the temperature was below 68 
the  and then decreased significantly with further increase in temperature [21]. However, due to short 69 
bond length (less than 100mm) used in these tests, if the effective bond length was longer than 100mm, 70 
then bond length may also have an effect on the bond strength. Pull-off tests of CFRP-to-steel bonded 71 
joints with 150mm and 200mm bond length at different temperatures were presented in [22] and [23] 72 
respectively. It was reported that the bond strength decreased with temperature significantly [22]. 73 
However, the exact adhesive used to bond CFRP-to-steel was not specified. When Spabond 345 was used 74 
to bond the FRP and steel plate, an increase in the load carrying capacity of FRP-to-steel bonded joints 75 
was observed when the temperature was below its  [23]. For SikaPower-978 adhesive, both mode I 76 
and mode II fracture energy, elastic stiffness and strength was found to decrease with increasing 77 
gT
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temperature within the range between -30 oC to 80 oC	[26]. For some cementitious adhesive systems, the 78 
fracture energy was shown to initially increase with temperature till 400 oC to 600 oC	and then followed 79 
by a decreasing trend [24]. Similar research by others [25] have shown that temperature has a 80 
considerable effect on the adhesive properties in terms of the ductility and the strength. Results from the 81 
above research clearly indicate that the adhesive mechanical properties are significantly affected by the 82 
temperature, while the effects are dependent on the type of adhesive.  83 
Several experimental studies have been conducted on FRP-to-concrete bonded joints exposed to 84 
different temperature variations [17, 18, 27-29]. In the existing experiments on FRP-to-concrete bonded 85 
joints under different temperatures, single-shear pull-off test has been often used to determine the bond-86 
slip relation, which is essential in modelling the constitutive behaviour of the bonded interfaces. Some 87 
studies have shown that initial thermal stresses may have a significant effect on the maximum load [30], 88 
thus when obtaining interfacial fracture energy from the ultimate load, consideration of the initial thermal 89 
stresses is important. If a numerical approach is used to determine the initial thermal stresses within the 90 
bonded interface, it is important to use an appropriate temperature dependent constitutive model to model 91 
the behaviour of the bonded interface. Dai, et al [31] proposed a pseudo temperature dependent bond-92 
slip model for FRP-to-concrete bonded joints based on the experimental studies. In their study, the effects 93 
of the thermal stresses were considered in deriving the interfacial fracture energy. The proposed model 94 
assumed that the interfacial fracture energy remained constant at  of the adhesive and decreased 95 
at temperatures higher than . However, in CFRP-to-steel bonded joints under mode II loading, while 96 
both elastic modulus and interfacial shear strength reduced with temperature (below ), load carrying 97 
capacity and fracture energy was found to increase initially. Beyond , load carrying capacity reduced 98 
significantly. However, comparing the axial strain distribution of the CFRP plate at higher temperatures 99 
(above ), it was found that the whole bond length was activated in resisting the load before the peak 100 
load was reached, thus insufficient bond length may have affected the load capacity [32].  101 
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The discussion above shows that different adhesives give place to varying changes in bond behaviour 102 
when the temperature is increased. Ultimately, these variations are the consequence of the intrinsic 103 
mechanical behaviour of adhesives. The major reason for this is that virtually all technically demanding 104 
adhesive systems are based upon synthetic polymers [33], whose mechanical properties are controlled 105 
by the strongly temperature-dependent van der Waals’ forces between the molecular chains and the 106 
covalent bonds along the polymer chain backbone [34]. While, existing studies clearly demonstrate that 107 
the bond behaviour is affected by the temperature variations, no systematic study has been conducted on 108 
FRP-to-concrete or FRP-to-steel bonded joints addressing how different parameters (e.g. interfacial shear 109 
strength, bond-slip behaviour, interfacial fracture energy, effective bond length, and rate of loading) may 110 
affect the behaviour of such bonded joints under varying temperature conditions.  111 
Against this background, this study presents a theoretical investigation into the effect of different 112 
parameters such as, interfacial shear strength, bond-slip behaviour, interfacial fracture energy, bond 113 
length, and rate of loading on CFRP-to-steel bonded joints under varying temperatures. To investigate 114 
the effect of adhesive mechanical property change under temperature change on the bond behaviour of 115 
such bonded joints under the combination of sustained load and temperature change, a finite difference 116 
method (FDM) [35] which allows force controlled loading was adopted. Then the effect of different 117 
mechanical loading and thermal loading combinations, bond length, and different fracture change trends 118 
at elevated temperatures was further investigated. This study, while theoretical, presents valuable insight 119 
into better understanding of the effects of different parameters on the behaviour of FRP-to-steel bonded 120 
joints under varying temperatures.  121 
2. Analytical solution 122 
2.1. Bond-slip behaviour 123 
An idealized CFRP-to-steel bonded joints is shown in Fig. 1. Both adherents are assumed to be 124 
subjected only to axial forces. The thickness of all constituents is assumed to be constant along the length. 125 
Adhesive layer was assumed to be subjected to uniform interfacial shear stresses across the thickness as 126 
commonly assumed in well accepted interfacial stress solutions of similar bonded joints [6, 13, 36]. 127 
Relationship between the interfacial shear stress and slip was assumed to be given by a bilinear bond-128 
slip model (Fig. 2) as adopted in many other studies [12-14]. No damage was assumed within the linear 129 
ascending branch of the bond-slip curve, while damage elasticity with linear unloading as shown in Fig. 130 
2 was assumed within the softening range (i.e., descending branch of the bond-slip curve) [13]. For an 131 
interface with a load applied prior to the temperature change, it is assumed that the temperature elevation 132 
will not change the damage state of the node (Fig. 2).  133 
2.2. FDM for CFRP-to-steel bonded joints with temperature change 134 
FDM approach adopted in this paper is similar to the approach described in Carrara and Ferretti [35]. 135 
For the completeness of the current paper, FDM solution for simulating the behaviour of CFRP-to-steel 136 
bonded joints under mode II loading is briefly presented in this section. For further details of the FDM, 137 
readers are referred to Carrara and Ferretti [35]. 138 
Considering the equilibrium of the segment shown in Fig. 1, the governing equation for a CFRP-to-139 
steel bonded joints can be expressed as follows: 140 
   (1) 141 
Where  and  is the axial stress and thickness of the CFRP plate respectively.  is the interfacial 142 
shear stress induced within the element of consideration. 143 
The slip between the CFRP plate and the steel substrate can be written as the difference between the 144 
displacement of CFRP plate  and the steel substrate [37].  145 
   (2) 146 
The first derivative of Eq. (2) with respect to x can be written as: 147 
   (3) 148 
Assuming linear elastic behaviour for both CFRP and steel, following relationship can be derived for 149 
the axial stresses in CFRP plate ( ) and steel substrate ( ):  150 
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In which  and  represent the elastic modulus of CFRP plate and steel substrate respectively, and 153 
 and are the thermal expansion coefficient of the CFRP plate and steel substrate respectively. Any 154 
thermal expansion in the adhesive layer was neglected due to the significantly lower stiffness of the 155 
adhesive layer compared to that of the adherends.  156 
Meanwhile, the axial stress of CFRP plate and the steel substrate can be calculated using the axial 157 
force  as: 158 
   (6) 159 
   (7) 160 
Where  and  are the cross sectional area of the CFRP plate and steel substrate. Combination of Eqs. 161 
(3)-(7) yields: 162 
   (8) 163 
Eq. (8) can be rewritten as: 164 
   (9) 165 
In order to get the approximation of the first derivative of the slip and axial force, the interface is 166 
discretised into n segments, as shown in Fig. 3b. Then, an approximation of the differential Eqs. (1) and 167 
(9) can be obtained as follows: 168 
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Where  is the distance between two adjacent nodes, and  is the constitutive relationship between 171 
the interfacial shear stress and interfacial slip which can be given as: 172 
   (12) 173 
In which  is the initial slope of the bond-slip relation and  is the damage parameter assuming 174 
elastic damage, defined as follows: 175 
   (13) 176 
Where  and  are the slip value corresponding to the maximum shear stress and full failure 177 
respectively. 178 
Substituting the Eq. (12) into Eq. (10) yields: 179 
   (14) 180 
In which . 181 
Similarly, Eq. (11) can be rewritten as: 182 
  (15) 183 
Writing Eqs. (14) and (15) into matrix form will return: 184 
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Different boundary conditions can be considered with regarding the test control method, i.e., 186 
1) Loaded-end force driven process: 187 
   (17) 188 
2) Loaded-end displacement driven process: 189 
   (18) 190 
3) Far end displacement driven process: 191 
   (19) 192 
The differential equations can be expressed in compressed form: 193 
   (20) 194 
Among which,  is the axial force and slip at the node  and  is the external force and thermal 195 
expansion at node . While  and are the matrix block composed of the first and second two rows 196 
of elements in Eq. (16), that is: 197 
   (21) 198 
Eq.(16) can be also rewritten as: 199 
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   (22) 200 
The detailed solving process of Eq. (22) can be found in Martinelli and Caggiano [38]. For a given 201 
temperature, the bond-slip relation is updated for the following calculation in every step. The boundary 202 
conditions should be selected according to the test control mode.  203 
3. Verification of the FDM 204 
3.1 Numerical modelling 205 
To verify the FDM presented in the above section, the bond behaviour of CFRP-to-steel bonded joints 206 
under monotonically increasing load at constant temperature, followed by sustained load and temperature 207 
increase, followed by monotonically increasing load until failure at constant temperature was 208 
investigated. Both temperature independent bond-slip relation (called constant bond-slip relation 209 
hereafter) and temperature dependant bond-sip relation (called varying bond-slip relation hereafter) were 210 
considered to investigate the influence of varying bond-slip relations. Results from the FDM were 211 
compared with the results from an finite element method (FEM). FEM approach used in this study for 212 
modelling the bonded interface was based on well accepted modelling approached for modelling CFRP-213 
to-steel bonded joints [15, 39]. In FEM, both CFRP plate and steel plate are modelled as truss element, 214 
while the adhesive was modelled using 2-D cohesive element [39]. Traction-separation law of the 215 
cohesive elements were defined to be the same as the interfacial shear stress-slip relationship used in 216 
FDM models, which is given by Eqs. (12) and (13). The cohesive elements were tied with FRP plate 217 
steel plate. The CFRP plate was constrained in the vertical direction to avoid any peeling effect.  218 
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Based on the preliminary test results on CFRP-to-steel bonded joints with Sika 30 adhesive [32], 219 
following equations were derived to express the variation of elastic stiffness ( ), interfacial shear 220 
strength ( ), and interfacial fracture energy ( ) with temperature (  in oC): 221 
   (23) 222 
   (24) 223 
   (25) 224 
Given three parameters above (i.e., , , ), the bond-slip relation can then be determined. It can 225 
be seen that as temperature increased,  and  decreased monotonically. However, increased first 226 
and then decreased. 227 
Eqs. (23)-(25) were derived from the preliminary test results [32] of ongoing research at the 228 
University of Queensland and, thus, may not represent the true variation of those parameters with 229 
temperature. More investigations are necessary before accurate models predicting the variation of bond-230 
slip curves with temperature could be developed. Nevertheless, model given in Eqs. (23)-(25) was 231 
deemed adequate to qualitatively demonstrate the effect of varying bond-slip behaviour on the behaviour 232 
of CFRP-to-steel bonded joints at varying temperatures. The geometry and material parameters used in 233 
this analysis are given in Fig. 3a and Table. 1.  234 
In the simulation, loading and temperature change was applied in three steps; Step 1: temperature 235 
was kept a constant at 22 oC while load was increased from 0kN to 20kN, Step 2: load was kept at 20kN 236 
and temperature was increased to 42 oC, and Step 3: After the temperature reached 42 oC, temperature 237 
was kept a constant and load was increased until failure. In FDM, for Step 1 and 2, the boundary 238 
conditions are given in Eq. (17), while Eq. (18) is used for Step 3. If the full range behaviour of the 239 
bonded joints is desired, Eq. (19) can be used as the boundary conditions for Step 3. 240 
3.2. Results 241 
3.2.1. Load-displacement behaviour 242 
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The load-displacement curves predicted from FDM and FEM with varying bond-slip relations are 243 
compared in Fig. 4. While both curves show a good agreement, it can be seen that the maximum load 244 
capacity from FDM is slightly higher than that from finite element analysis (FEA). In FDM model, 245 
behaviour of the bonded interface is modelled using nonlinear springs connecting nodes between CFRP 246 
plate and steel plate. Behaviour of the spring was defined using the bond-slip relationship [40, 41]. In 247 
FEM, cohesive elements were used to model the behaviour of the bonded interface. This difference in 248 
the approach used to model the interface behaviour in FDM and FEM is believed to be the reason for 249 
small differences observed in the load-displacement curves from the two models. Nevertheless, the 250 
difference between those two methods is less than 1% in terms of the maximum load capacity, which is 251 
considered negligible. 252 
Comparison of the bond-slip relations at two different nodes (as illustrated in Fig. 3) from FEA and 253 
FDM with varying bond-slip relation are given in Figs. 5 and 6. As can be seen in both figures, a good 254 
agreement between the FEM and FDM was achieved. Based on above results, the FDM model proposed 255 
in this paper was considered to be accurate in modelling the behaviour of CFRP-to-steel bonded joints at 256 
varying temperatures.  257 
3.2.2. Effect of temperature dependant bond-slip behaviour 258 
In order to determine the effect of varying bond-slip behaviour, behaviour of a CFRP-to-steel bonded 259 
joints with constant bond-slip curve (at 22 oC) is compared with the behaviour of the same bonded joints 260 
when bond-slip behaviour was assumed to vary with temperature as given in Eq. (23)-(25). The results 261 
are compared in Fig. 4. It can be observed that when a varying bond-slip relation is considered the load-262 
carrying capacity is significantly higher than when a constant bond-slip relation is under consideration. 263 
Which is essentially due to the increasing fracture energy with the increasing temperature in a varying 264 
bond-slip relation.  265 
Moreover, during the temperature elevation process at constant load, displacement at the loaded-end 266 
decreased when constant bond-slip relation was used, but displacement at the loaded end was shown to 267 
increase when varying bond-slip relation was used. When a constant bond-slip model was used, the 268 
stiffness of the adhesive layer was assumed to be a constant throughout the temperature elevation process 269 
under constant load. Therefore, due to the differential thermal expansion of the CFRP and steel (CFRP 270 
with a lower thermal expansion coefficient than steel), a negative slip in the bonded interface (i.e., 271 
opposite direction to the movement due to axial load) resulted, thus reducing the overall slip value at the 272 
loaded end. However, when the stiffness of the bond-slip curve was assumed to reduce with the 273 
temperature, reduction in the stiffness tended to increase the interfacial slip for a given load, thus 274 
counteracting to the decrease in slip resulting from the difference in thermal expansions of CFRP and 275 
steel. 276 
Comparison of the bond-slip relations at two different locations (I and II in Fig. 3b) along the bond 277 
length from FEM and FDM with varying bond-slip relation are compared with the results from FEM 278 
with a constant bond-slip relation and the bond-slip relation at 42 oC in Figs. 5 and 6. For the stress and 279 
slip results from the FDM, the average value of the two adjacent nodes were used. In Fig. 5, when the 280 
temperature increase at a constant load was applied (i.e., Step 2), a reduction in the slip values in local 281 
bond-slip behaviours was observed in FEM with constant bond-slip relation. When the load increased 282 
again, the slip was increased, and followed the envelope curve of the constant bond-slip relation (Fig. 5). 283 
Bond-slip behaviour at location II (Fig. 3b) from the FEM and FDM models with varying bond-slip 284 
relation, tends to initially follow the bond-slip curve at 22 oC until the temperature increase was applied 285 
(Fig. 5). Once the temperature was increased, even though the load was kept a constant, a reduction in 286 
the interfacial shear stress with increases in the shear slip could be observed. However, the curve deviates 287 
from the envelope curve at 22 oC and the slip tends to increase when the temperature increase was applied, 288 
while unloading of the bond-slip curve was observed in the constant bond-slip case. Further away from 289 
the loaded end, i.e., location II, interfacial shear stresses found to be minimal before the temperature 290 
increase, and bond-slip curve followed the curve at 22 oC. Once the temperature was increased at a 291 
constant load, increases in interfacial shear stresses and shear slip but a reduction in the stiffness could 292 
be observed in the local bond-slip curves in models with varying bond-slip relation. Once the temperature 293 
reached 42 oC, local bond-slip curves from the models with varying bond-slip relation converged towards 294 
the bond-slip curve at 42 oC (Fig. 6). Comparison of the local bond-slip behaviour of location I and II 295 
(i.e., Figs. 5 and 6) from FEM and FDM with a varying bond-slip relation indicates that, final bond-slip 296 
behaviour at a node depends both on the temperature variation as well as the load.  297 
Comparison of the evolution of the damage parameter with slip at locations I and II are given in Figs. 298 
7 and 8 respectively. Damage parameter was obtained from the bond-slip curves at different temperatures 299 
at respective locations of FEM and FDM models. Variation of the damage parameter with slip of the 300 
models with constant and varying bond-slip relations remained the same until step 2, where temperature 301 
was increased while load was kept a constant. In Fig. 7 its clearly seen that while damage parameter was 302 
kept a constant during temperature increase, the slip from models with constant bond-slip relation 303 
decreased, while slip from models with varying bond-slip relation increased. This results in a completely 304 
different damage parameter variation with slip between models with constant and varying bond-slip 305 
relations during further increase of load until debonding while keeping temperature a constant. 306 
From the results and discussions presented in this section, the bond-slip behaviour at nodes is clearly 307 
affected by both temperature variations and loading conditions. Therefore, using a constant bond-slip 308 
relation to predict the behaviour of CFRP-to-steel bonded joints under varying/elevated temperature is 309 
not appropriate. In order to accurately capture the bond behaviour, temperature dependant bond-slip 310 
relation should be used. 311 
4. Effect of temperature dependent fracture energy, loading and heating rates on the bond 312 
behaviour 313 
The previous section verified the FDM presented in this paper for analysing the behaviour of single-314 
shear pull-off tests under mode II loading, and demonstrated the significance of considering temperature 315 
dependence of the bond-slip behaviour in analysing CFRP-to-steel bonded joints. This section takes a 316 
closer look at the effect of temperature dependent fracture energy, and loading and heating rates on the 317 
behaviour of CFRP-to-steel bonded joints. In order to minimize any effect due to bond length, 318 
significantly large bond length, i.e., 600mm was assumed in all analysis in this section. To investigate 319 
the effects of loading and heating rates on the behaviour of CFRP-to-steel bonded joints, 3 different 320 
temperature-to-load rates as shown in Fig. 9 were used in this section. Temperature was assumed to 321 
linearly increase until 75 oC (at 0.212s) and then kept as constant. Three different load cases, i.e., L-Case 322 
1, L-Case 2 and L-Case 3 at displacement rates of 3mm/s, 10mm/s and 25mm/s were used in the analysis.  323 
The property change of adhesive was obtained using the test data presented in Walander [26]. As 324 
indicated in Walander [26], the elastic stiffness, peak shear stress, and fracture energy decrease with 325 
temperature (as shown in Figs. 10a, b and c). In order to demonstrate the effect of fracture energy increase 326 
with temperature, an assumed adhesive with the same elastic modulus, peak shear stress, but opposite 327 
fracture energy to that obtained from Walander [26] was used (Figs. 10a,b and d). CFRP-to-steel bonded 328 
joints were analysed using the FDM procedure described previously in this paper. Thermal loading was 329 
applied to the whole bonded joints while mechanical loading was applied at the loaded end.  330 
Fig. 11 shows the load-displacement curve of CFRP-to-steel bonded joints with fracture energy 331 
decreasing and increasing with temperature. For both scenarios, ultimate load of the CFRP-to-steel 332 
bonded joints under different loading-to-heating rates tends to converge to the same value once the final 333 
temperature is reached (Fig. 11). However, ultimate loads in the fracture energy increasing scenarios 334 
were larger than that in fracture energy decreasing scenarios. In addition, load-displacement behaviours 335 
of the bonded joints were shown to be dependent on the loading-to-heating rate, with L-Case2 and L-336 
Case3 curves in fracture energy decreasing scenario showing an initial load increase followed by a load 337 
decrease with increase in displacement (Fig. 11a). Load-displacement curve of L-Case1 in fracture 338 
energy increasing scenario (Fig. 11b) showed different behaviour, with load always increasing or 339 
remaining constant with increase in displacement. In order to explain these differences in load-340 
displacement behaviour, it is important to look into the local bond-slip behaviours at different points 341 
along the bond length of CFRP-to-steel bonded joints.  342 
A comparison of the bond-slip relations at loaded end (i.e., ) and 100mm away from the 343 
loaded end (i.e., ) in each loading case is depicted in Fig. 12 for fracture energy decreasing 344 
scenario and in Fig. 13 for fracture energy increasing scenario. In both scenarios and all load cases, bond-345 
slip behaviours were found to be varying between the bond-slip curves at 22 oC and 75 oC. In both fracture 346 
energy decreasing and increasing scenarios, peak shear stress of the bond-slip curve at  was 347 
found to be higher than that at . This difference in peak interfacial shear stress tends to 348 
reduce with the increase in load rate-to-temperature rate ratio. Axial strain distribution along the bond 349 
length depends on the applied load and the local bond-slip behaviour. For a given load, the slip at the 350 
loaded end will be higher than the slip at a point away from the loaded end. Therefore, the loaded end 351 
will always reach the peak interfacial shear stress earlier than the bonded interface at . The 352 
temperature the bonded interface at the loaded end will reach a certain interfacial shear stress will always 353 
be lower than the temperature the bonded interface at  reaches the same interfacial shear 354 
stress. Therefore, considering the temperature difference at loaded end and when the same 355 
stress value is reached, and the increase in temperature tends to reduce interfacial shear strength, the peak 356 
interfacial shear strength of can be expected to be lower than that at the loaded end. 357 
Increases in loading-to-heating rate reduce the difference in temperature when the peak interfacial shear 358 
stress is reached at points  and , thus reducing the difference in peak interfacial 359 
shear stress. Slip at debonding was shown to be the same at  and  when the 360 
loading-to heating rate is low (Figs. 12a and 13a), but was shown to reduce for higher loading-to-heating 361 
rates (Figs. 12b and c and 13b and c). For higher loading-to-heating rates, reduction in slip at debonding 362 
was more pronounced for increasing fracture energy scenario. In the bond-slip models used in fracture 363 
energy increasing scenario, significant increase in the slip at debonding was used, which essentially 364 
results in pronounced difference in slip at debonding observed in Figs. 13b and c.  365 
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In both scenarios, the overall difference of bond-slip behaviour at two different points  366 
and  becomes less significant in L-Case 3. The slip at debonding in the fracture energy 367 
increase scenario is larger than that in the fracture energy decreasing case. Comparison of the bond-slip 368 
relation at the loaded end is presented in Fig. 14. Nevertheless, it can be seen that the bond-slip relation 369 
varies when the mechanical loading rate is different in both fracture energy increasing and decreasing 370 
scenarios. Specifically, the ultimate slip decreases when the mechanical loading rate increases. Since 371 
when the mechanical loading rate is higher, debonding will occur at a lower temperature thus resulting 372 
in a lower debonding slip than when mechanical loading rate is lower, where the bonded interface is able 373 
to reach a higher temperature for a given load, thus a higher debonding-slip. This difference in slip for 374 
different loading rates was much less pronounced for fracture energy decreasing scenarios, which is 375 
expected as the difference in ultimate slip of the bond-slip relation with increasing temperature is also 376 
less significant when fracture energy decreases with temperature.  377 
Ultimate load of a CFRP-to-steel bonded joints with an adequate bond length subjected to mode II 378 
loading is proportional to the square root of the interfacial fracture energy [6, 42]. Trends shown in Figs. 379 
12 and 13 clearly indicate that the resulting bond-slip behaviour varies along the bond length. This also 380 
means that that fracture energy varies along the bond length. Trends shown in Fig. 14 show that the bond-381 
slip behaviour, thus the fracture energy also varies with the loading-to-heating rate. From the above 382 
observations, it is clear that the fracture energy at the loaded end may not necessarily govern the ultimate 383 
load of the bonded joints. In different combinations of fracture energy variation and loading-to-heating 384 
rates, the slip at the ultimate load tends to vary (Fig. 11). It is evident when the bond-slip behaviour at 385 
the loaded end for L-Case 2 (Fig. 14a) and load-displacement curve of fracture energy decreasing 386 
scenario for L-Case2 (Fig. 11a) are compared, ultimate load is reached when the loaded end displacement 387 
is 0.62mm, which is smaller than the slip at debonding at the loaded end (0.65mm) (Fig. 14a). On the 388 
other hand, for fracture energy increasing scenario with L-Case2, ultimate load is reached when loaded 389 
end slip is 2.12mm, which is greater than the debonding slip at the loaded end (0.81mm) (Fig. 13b). This 390 
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could be further illustrated by looking at the interfacial shear stress distributions of CFRP-to-steel bonded 391 
joints under L-Case2 at different loading points of the load-displacement curve (Fig. 15).  392 
At both points A and B, interfacial shear stresses at the loaded end are non-zero thus indicating no 393 
debonding at the loaded end. However, as the displacement further increases, at point C, interfacial shear 394 
stresses closer to the loaded end can found to be zero indicating debonding within that region. It can also 395 
be noted that from point A to B even though the load increased, peak interfacial shear stress has reduced. 396 
However, as debonding at the loaded end had not been reached, further transfer in the stresses contributed 397 
towards increasing the total load. A region close to the far end also shows shear stresses, which is due to 398 
different thermal expansion of CFRP and steel plate of consideration. 399 
In summary above discussion showed that: (a) Resulting fracture energy varies along the bond length 400 
and is dependent on the rate of fracture energy variation with temperature as well as the loading-to-401 
heating rate; (b) Ultimate load of the bonded joints may not necessarily be dependent on the resulting 402 
fracture energy at the loaded end, and is significantly dependent on the variation of the bond-slip 403 
behaviour along the bond length; and (c) Provided adequate bond length exists, load capacity at the final 404 
temperature is independent of the loading-to-heating rate and is dependent on the interfacial fracture 405 
energy of the final temperature. 406 
 407 
5. Effect of bond length 408 
Analysis presented in the previous section minimized the effect of bond length by selecting a large 409 
enough bond length. In that study, it was revealed that the bond-slip behaviour varies along the bond 410 
length, thus indicating that for bonded joints with shorter bond lengths, bond length may affect the bond 411 
behaviour. In order to investigate this, behaviour of a CFRP-to-steel bonded joints with a bond length of 412 
50mm was analysed using the previously outlined FDM procedure. The bond length selected, 50mm, 413 
was lower than the effective bond length at 22 oC (i.e., 83.5mm). Another three loading cases, i.e., and 414 
0.3mm/s, 0.6mm/s and 0.9mm/s were used in the analysis. These new loading rates, which were lower 415 
than the loading rates used in the previous section, were adopted to ensure adequate temperature 416 
difference is reached before full damage occurs within the selected shorter bond length. Except for bond 417 
length and mechanical loading rate, all other parameters were kept equal to 600mm long specimens 418 
discussed in the previous section.  419 
Fig. 16 depicts the load-displacement curve of 50mm long bonded joints in two scenarios, while the 420 
maximum load carried by the bonded joints is given in Table 2. It is obvious that the maximum load-421 
carrying capacity is less than that of bonded-joints with 600mm bond length, which is expected due to 422 
the shorter bond length (which is lower than the effective bond length at 22 oC) used. In both fracture 423 
energy decreasing and increasing scenarios, ultimate load tends to increase with the increase in loading-424 
to-heating ratio (Fig. 16). Ultimate load for each load case also tends to be higher for the fracture energy 425 
increasing scenario than the fracture energy decreasing scenario.  426 
When the bond length is less than the elastic effective bond length (i.e., minimum bond length 427 
required to reach maximum elastic load carrying capacity), the maximum load carrying capacity is 428 
proportional to the maximum shear stress the far end can achieve [6], while for any bond length larger 429 
than that but less than the effective bond length, the maximum load-carrying capacity is related to both 430 
the peak shear stress and the bond length. Therefore, the temperature-to-loading rate will play a dominant 431 
role in determining the maximum load the bonded joints can achieve. As shown in Figs. 17 and 18, the 432 
peak shear stress at the far end increases with the loading rate in both scenarios, but they will finally 433 
converge to the bond-slip relation at the final temperature. Fig. 19 presents the comparison of the bond-434 
slip behaviour at the loaded end. All cases exhibited the same elastic branch since the peak slip value is 435 
reached very fast, compared to the temperature change considered in this study. Significant difference 436 
can be observed in the softening range. It should be noted that the bond-slip behaviour was obtained 437 
when the full-range behaviour of the bonded joints was calculated for the bond length shorter than the 438 
effective bond length [6]. 439 
6. Conclusion 440 
This paper has presented a study aimed at investigating the behaviour of CFRP-to-steel bonded joints 441 
under mode II loading, and subjected to elevated temperatures. In order to shed light on the effect of 442 
different parameters which may affect the behaviour of CFRP-to-steel bonded joints, the effect of bond-443 
slip behaviour, loading-to-heating ratio and the bond length were studied. In order to carry out the 444 
analysis, an FDM was proposed and verified using an FEA.  445 
Comparison of the FEM and FDM results verified the suitability of the FDM method in studying the 446 
effect of temperature dependent bond-slip relations on the behaviour of CFRP-to-steel bonded joints 447 
under elevated temperatures. From the results presented in this paper, the following conclusions can be 448 
drawn: 449 
1. The FDM adopted can give satisfactory accuracy in modelling the full-range behaviour of FRP-450 
to-steel bonded joints with varying temperatures; 451 
2. Temperature dependent bond-slip relation was shown to have a significant effect on the behaviour 452 
of CFRP-to-steel bonded joints under mode II loading and subjected to elevated temperatures. 453 
Using a constant bond-slip behaviour may lead to errors in predicting the accurate bond behaviour; 454 
3. Provided adequate bond length exists, the load carrying capacity of the CFRP-to-steel bonded 455 
joints at the final temperature only depends on the interfacial fracture energy at that final 456 
temperature; 457 
4. Resultant bond-slip behaviour of the bonded interface varies along the bond length and is 458 
dependent on the loading-to-heating rate; 459 
5. Bond length and loading-to-heating rate both may affect the ultimate load as well as the load-460 
displacement behaviour of the CFRP-to-steel bonded joints. 461 
This study was based on assumed bond-slip relation variations with temperature. In order to better 462 
understand and design the behaviour of CFRP-to-steel bonded joints, better understanding of the 463 
variation of bond-slip parameters, i.e., initial stiffness, peak shear stress, and interfacial fracture energy 464 
with temperature is necessary.  465 
In addition, in the bond-slip models used in this study, damaged elasticity was assumed, which has 466 
been shown previously to be incorrect. While this assumption may not affect the results under 467 
monotonically increasing loads and temperatures, when temperature cycles (increasing and decreasing) 468 
and loading cycles (increasing and decreasing) are applied, a temperature dependent bond-slip model 469 
accounting for damage and plasticity should be used. Such a model does not exist at this stage, thus more 470 
research is required to develop such constitutive models to accurately capture the interfacial bond 471 
behaviour under cyclic temperature and loading conditions.  472 
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 477 
Notation 478 
The following symbols are used in this paper: 479 
 = Cross section area of CFRP plate; 
 = Cross section area of steel plate; 
 = Matrix to apply boundary condition at the loaded end; 
 = Matrix to apply boundary condition at the far end; 
 = The CFRP plate width; 
 = The width of steel plate; 
 = The matrix block composed of the first two columns of the coefficients at element ; 
 = Damage parameter when the slip is ; 
 = Elastic modulus of CFRP plate; 
 = Elastic modulus of steel plate; 
 = The fracture energy; 
 = Length of the nth segment for the FDM; 
 = Initial elastic stiffness of the bond-slip relation; 
 = The bond length of CFRP-to-steel bonded joints; 
 = Axial force of CFRP plate; 
 = The matrix block composed of the second two columns of the coefficients at element ; 
pA
sA
nB
0B
pb
sb
jC j
Dd d
pE
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fG
nh
eK
L
N
jQ j
 = The external force and thermal expansion at node  
 = Glass transition temperature; 
 = Thickness of CFRP plate; 
 = The thickness of steel plate; 
 = The axial force and slip at the node ; 
 = Displacement of the CFRP plate; 
 = Displacement of the steel plate; 
 = Distance from the loaded end; 
 = The boundary conditions; 
 = Thermal expansion coefficient of CFRP plate; 
 = Thermal expansion coefficient of steel plate; 
 = Temperature change; 
 = Slip between the CFRP plate the steel plate; 
 = Interfacial shear stress; 
 = The maximum interfacial shear stress; 
 = Axial stress of CFRP plate; 
 = Axial stress of steel plate; 
 480 
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